An experimental study of void distributions for rotationally moulded polyethylene is presented. The effects of key variables such as maximum process temperature and nominal wall thickness (via powder mass) are studied. Analytical models and finite element mass diffusion models for the permeability of heterogeneous polymers with air voids are presented and comparatively assessed. The FE method allows modelling of realistic (measured) void distributions. A preliminary estimation method for void volume fraction and mean void radius is presented. This approach is based on hot plate measurements and is shown to give good correlation with the rotationally moulded material for different process temperatures. Key objectives of the present work are (i) to develop an understanding of the factors affecting gas permeability in rotationally moulded polymers and (ii) to develop experimental and computational methods to help design low permeability rotomoulded polymer liners.
Introduction
Composite overwrapped pressure vessels (COPVs) find many applications in satellite and space applications. Their ability to store highly permeating fuels at high pressures under cryogenic conditions makes them an integral part of propulsion systems, breathing systems and specialised research and analysis equipment aboard rockets, satellites and spacecraft. 1, 2 A COPV consists of two main components: a low permeability liner and a high strength fibre overwrap. Titanium and aluminium have become the predominant materials for liners due to their low permeability characteristics, resistance to chemical attack and high specific strength. 3 While titanium has traditionally been the preferred liner material for high end applications, 4 its major drawback is cost. 5 Alternative COPV liner materials have been highlighted as an area of development for reducing costs while still providing an acceptable level of fuel containment. 6 This drive for increased efficiency and economical use of resources is the motivation for the present work.
Recent research has focused on the use of polymers as prospective liner materials with liquid crystal polymers, fluoropolymers and polyamides displaying beneficial characteristics for cryogenic fuel containment. 7 Recent industrial examples include injection blow moulding of a HDPE liner 8 and thermal welding of a fluoropolymer liner for similar applications. 9 The maximum permeation rate for COPV tanks depends on the application, fuel type and tank size. However, one recently quoted limiting value is 2.23 Â 10 À7 mol/s for an entire tank structure. 8 The methods used to manufacture polymer liners tend to be expensive and time consuming. Injection blow moulding processes incorporate expensive mould tooling with intricate air pathways for cooling operations while also requiring preforming of the polymer liner prior to manufacturing. 10, 11 Recent studies have focused on the predicted permeability of the composite overwrap 12 while this paper presents a combined experimental and computational study on void distributions and predicted permeability for a rotationally moulded polymer liner. The experimental method employs hot plate manufactured samples and rotational moulding of a polymer liner demonstrator using an integrally heated rotomoulding tool. The key effects of moulding temperature and nominal wall thickness are quantified experimentally and a preliminary estimation method for the effect of moulding temperature on void distribution statistics is presented. A finite element (FE) mass diffusion model is developed to predict the effect of void distributions on liner permeability. The FE model is compared and validated against permeability from theoretical models for heterogeneous materials, adapted here to air void distributions in the polymer liner material.
The key objectives of the present work were (i) to develop an understanding of the factors affecting gas permeability in rotomoulded polymers and (ii) to develop experimental and computational methods to help design low permeability rotomoulded polymer liners. A specially ground polyethylene powder forms the base material for part production in the present work, as detailed in Table 1 . Pressurisation of the mould is not necessary during production and so moulds can be thin-walled, making them cheaper to produce and modify. 13 
Mass diffusion theory Fick's Law
Attention is focused here on minimisation of mass transfer rates of helium across the polymer wall. Mass transfer rates for steady state analyses across wall sections are governed by Fick's first law of diffusion relating the mass flow rate J of the diffusing substance through a unit area cross section to the concentration gradient across that section 14, 15 
where D is the diffusion coefficient of the material, C is the concentration and x is the thickness of the sample ( Figure 1 ). Homogeneous plastics are known to have relatively low diffusion coefficients and hence low mass flow rates. 16 This is beneficial for fuel storage. However, depending on the manufacturing method employed, the permeability of real polymer components is affected by void growth resulting from processing. Air voids increase effective permeability, due to the diffusion coefficients for gases in air being higher than in the homogeneous polymer. 17 Hence, a higher air void volume fraction leads to a higher mass flow rate as the voids act as leakage paths Figure 1 . Visualisation of the parameters governing Fick's Law of diffusion. for the mass flow. It is important, therefore, to quantify the effect of mould process conditions such as temperature and wall thickness (or powder mass) on void distribution statistics. The solubility coefficient S is used here to define the local concentration of diffused gas at the boundary of the polymer layer. 17, 18 The concentration C at the boundary is defined as the product of S and the partial pressure P of the gas on that side of the interface.
Predictive permeability equations
For inhomogeneous materials, such as polymers with air voids, different diffusion coefficients apply to the continuous polymer and dispersed air void regions within the material cross section with the mass flow following the path of least resistance. 19 The basis for heterogeneous studies can be traced back to Maxwell who was the first to derive a relationship between a dispersed phase in a continuous matrix for electrical conductivity measurements using the potential theory for electrical conductance. 20 Maxwell developed an equation which related the permeability of both phases in the heterogeneous material to a relative permeability, P r , for the entire material as follows
where P is the effective permeability of the heterogeneous material, P m is the permeability of the matrix and is the volume fraction of the dispersed phase in the matrix. dm is defined as the permeability ratio between the dispersed phase, P d, and the matrix material, P m , with dm ¼ P d /P m . The Maxwell model is quite effective at determining permeabilities for lower volume fractions ( < 0.2) but its accuracy decreases significantly for higher volume fractions. This model does not account for the particle size, shape or distribution in the matrix and assumes that the particles are a collection of randomly distributed solid spheres with no interactions between dispersed particles.
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The Bruggeman model 22 was originally developed for electrical conductivity purposes, but can be adapted to predict the permeability of dual phase materials by using the differential effective medium approach, to give the following equation
As with the Maxwell model, it utilises the same parameters to predict a relative permeability for the composite medium. The model faces similar problems in representing real materials in that it does not account for the particle size, shape, dispersion or interactions between particles. Equation (3) is a non-linear equation and needs to be solved using iterative methods.
In the present case, a Newton-Raphson approach is adopted.
The Lewis-Nielsen model 23, 24 can also be adapted to predict the permeability of heterogeneous polymers from its original purpose for predicting the elastic modulus of particulate composites, as follows
This model is an improvement over those previously mentioned as it takes into account the maximum packing volume, m , of particles within the matrix ( m ¼ 0.64 for close packed spheres). This therefore allows for the particle size and shape to be accounted for within the composite and gives a better prediction for the overall permeability. It is also notable that the Lewis-Nielsen model reverts to the Maxwell model when the maximum packing volume of particles is equal to one ( m ¼ 1). 21 While these equations have been developed for alternative purposes such as heat transfer and electrical conductivity predictions, a number of authors have already used them for permeability predictions and comparisons to real data with good correlation being achieved depending on the model used and application tested. [25] [26] [27] [28] These equations are compared below to predicted values of permeability from three dimensional FE mass diffusion models, where the FE models explicitly include the random distributions of voids.
Finite element model
An FE-based implementation of Fick's law is employed to study the steady-state mass diffusion behaviour of the polymer with random distributions of voids. 29 An idealised three-dimensional model with cross sectional dimensions of 3 mm Â 1 mm Â 1 mm was developed as shown in Figure 2 . A Python scripting code was developed to define the random distribution of three-dimensional spherical voids (of uniform size), corresponding to a given void volume fraction. In the analyses presented below, and based on measured void sizes, void radii of between 100 mm and 200 mm are modelled. For a given set of processing conditions, the measured range of void radii was found to be quite small, so that the assumption of uniform void size is considered reasonable. This assumption also makes the mesh generation process more straightforward. The analyses were based on the use of helium as the diffusing gas based on a standard permeability test for plastic sheeting. 30 Also, there is a high safety risk associated with the use of hydrogen gas, whereas helium is relatively non-reactive. Helium gas (He) has a smaller molecular size than hydrogen gas (H 2 ), [31] [32] [33] so that it is arguably more demanding basis for permeability assessment.
The FE model was used to study the effect of void volume fraction using 10 different random distributions of voids for each value of volume fraction. These results are compared below to the results from the theoretical permeability models, which cannot include the effect of random distributions. The FE model was also used to study the effect of wall thickness (powder mass) on permeability. This study consisted of (i) a generic study of the effect of wall thickness for three different void volume fractions of 0%, 5% and 10%, all using a uniform void radius of 150 mm and (ii) three separate analyses corresponding to three different powder mass cases (R3, R4 and R5), all at 180 C, given in Table 2 . The analyses of (i) are intended to demonstrate the effect of wall thickness for different void volume fractions. In contrast, the analyses of (ii) incorporate the combined effects of wall thickness variation (due to the different powder masses) and the associated measured void volume fractions (with a void radius of 150 mm). The analyses here used linear four node tetrahedral elements for the steady-state analyses. Other details used in the FE analysis are given in Table 3 . A convergence study was carried out to establish convergence of the predicted mass flow rates with respect to element size. The finite element analyses conducted here utilise a 25 mm mesh size.
Methodology

Modified rotational moulding process
Rotational moulding uses a biaxially rotating arm in conjunction with a polymer powder and the application of heat to produce a hollow part of uniform wall thickness. The entire process is conventionally contained within a large heating oven and involves four main steps as displayed in Figure 3 . These steps include placing the powder into the mould, melting the powder through the application of heat while the arm rotates coating the inside of the mould with the molten polymer, then cooling the mould to allow for solidification of the part and finally demoulding the part from the mould wall. 34 A modified rotational moulding process 35 was developed here to produce hollow polyethylene components by replacing the surrounding oven with an integrally heated mould tool contained within the rotating axes as shown in Figure 4 . This image displays the rotational moulding equipment used, consisting of the two rotating axes and a box-shaped mould mounted in the centre of the inner axis. The dimensions of the inner rotating plane frame are approximately 2.5 m Â 2.5 m allowing for the moulding of parts with large dimensions. All electronics and controls are transmitted across the different axes through the use of slip rings at the main rotating joints which allow for electrical heating of the mould tooling and control of thermal parameters and motor rotation speeds. The integrally heated tooling, as shown in Figure 5 , allows for tight control of processing parameters giving good dimensional accuracy of the component part and minimal energy consumption. 36 The purpose of this study was to investigate the control of void volume fractions through the manipulation of processing parameters such as temperature, hold times and cooling rates. 37 The sides of the boxshaped mould are segregated into different heating channels so that optimal control of temperatures throughout the mould can be achieved. Temperature distributions in rotational moulding of polymers are known to affect part thickness. 13 
Hot plate apparatus
A second method of part production, consisting of a hot plate apparatus was also used. This method produces parts by supplying heat to the bottom of an aluminium plate causing the powder on the surface to melt and coalesce where it is in contact with the plate, Figure 6 . The hot-plate apparatus has been used previously for specimen preparation in void volume fraction studies to mimic rotationally moulded parts. 38 The hot plate simulates the external heating supplied to the powder and melts the polymer component in a method that is similar to that of rotomoulding processes as it also creates voids in the part cross section. Artificial cooling operations were provided by a fan which was directed at the bottom of the plate. This also imitates the effect of cooling provided by the continual rotation of the mould after all heating operations have ceased. Temperature readings were taken from the plate surface beside the sample with a thermocouple covered with high temperature sealant tape to better analyse the temperature where the powder was in contact with the plate wall.
The void volume fraction is undoubtedly affected also by heating rate. In order to preclude the effect of heating rate from the present study, the heating rate has been kept approximately constant in the hot-plate and rotomoulding tests carried out here, as tabulated in Table 2 . A comparison of hot plate test data to rotomoulded sample data is presented further in the text.
Specimen characterisation
A void content analysis was undertaken to examine the effects of heating parameters on void formation and to determine the size of void radii for mass diffusion modelling. An OLYMPUS BX51M table-top microscope in conjunction with OLYMPUS Stream image analysis software was used to characterise samples through the use of binary imaging techniques. Samples were cut from the original material where the mould surface side was imaged for void volume fraction and void radius measurements. Voids were clearly visible and so no other preparation methods were needed. The image analysis software differentiates pixel colours within the microscopy image and allows the user to set two colour bands into which the different pixel colours will fall. The void volume fraction can be obtained by calculating the relative area in each of the two colour bands set in the image. The average radius of voids contained within the image can also be obtained, with the software identifying pixels in the same band which are connected together. The maximum straight line length between two such connected pixels can then be obtained with an output of average void radii being achieved. The correlated data is then available for analysis giving important information such as void volume fraction and the radius of each individual void present.
Test conditions
A programme of tests for void volume fraction and average void size was undertaken for hot-plate moulded and rotomoulded samples. Three different moulding temperatures (150 C, 170 C and 190 C) were used to produce three samples on the hot plate for each temperature. These samples were analysed for void volume fraction and average void radius. All samples had a nominal thickness of 3.0 mm. Subsequently, three box components were rotomoulded at three similar temperatures (160 C, 170 C, 180 C), again with nominal thicknesses of 4.0 mm. These samples were analysed for void volume fraction and average void size, with a comparison drawn with earlier hot plate-moulded samples. Two additional boxes of increased thickness were rotomoulded at the higher temperature of 180 C to determine the effect of nominal thickness. This was achieved by using larger powder masses for each case.
Experimental results
Four images from each of three different samples for one moulding temperature were taken and analysed for void volume fraction measurements in the hot plate-moulded parts (Figure 7 ). Figure 8 shows the measured relationship between average void fraction and corresponding moulding temperature. A linear trend is observed, with increased temperatures leading to a decrease of void volume fraction. Figure 9 shows the relationship between mean void radii and void volume fraction. A relatively high volume fraction of relatively smaller voids was formed at the lower moulding temperatures, and a lower volume fraction of the relatively larger voids was formed at higher temperatures.
A thermal imaging camera was used to measure the temperature distribution in the rotational mould tool, Figure 10 . Eight images of polymer samples, Figure 11 , taken from each side of the box component ( Figure 12 ) were taken and measurements for void volume fraction and void size were compiled. Figure 13 shows a similar trend to hot plate-moulded samples with a decrease in void volume fraction observed for parts moulded at higher moulding temperatures. Figure 14 shows that the average void radius was also found to increase (somewhat) with increased moulding temperature and reduced void volume fraction in a broadly similar trend to that of the hot plate-moulded samples.
The final analysis undertaken for the rotomoulded parts was to analyse the void volume fraction trends in rotomoulded parts as a result of changes in the thickness of the wall cross section, using the two boxes rotomoulded at 180 C, with resulting average wall thicknesses of 5.5 mm and 6.0 mm. In a comparison to the earlier rotomoulded sample at 180 C, the thicker boxes exhibited a further reduction in void volume fraction, as shown in Figure 15 . This is attributed here primarily to the increased diffusion of voids at higher temperatures and is further accentuated by the longer time period required to reach the higher moulding temperature for higher powder masses. The average void size was found to be negligibly affected by wall thickness. Figure 16 shows the FE models developed using mean void radii of between 100 mm and 200 mm. A range of void volume fractions was used to study the effect of void morphology on permeability. In the FE results of Figure 17 , the lighter regions indicate significantly higher mass flow rates and darker regions indicate regions of reduced mass flow rate. It can be seen that the diffusion path tends to follow the void pattern, as this results in the path of least resistance for the mass flow, as discussed earlier. The lower diffusion coefficient of the air voids contained within the liner increases the mass flow, which will increase fuel leakage and will be detrimental in cryogenic fuel storage applications. It is clear that the voids significantly affect the mass flow pattern, leading to a concentration of the flow through the void and allowing for an easier path for mass flow to occur.
Finite element analysis results
The predicted permeability results for the random void distribution models are shown in Figure 18 . An increase in void volume fraction is predicted to significantly increase permeability, with multiple data Figure 6 . Dual image of the hot plate apparatus used for part formation accompanied by a schematic of the hot plate moulding process.
points (corresponding to different random distributions of voids) from the FE model displaying this trend. The smaller (100 mm) voids are predicted to have a higher permeability than the larger (200 mm) voids for similar volume fractions. The smaller voids can distribute more uniformly throughout the model, thus creating a more continuous path which increases permeability. These FE results are compared to the heterogeneous diffusion models described in the Predictive permeability equations section. The FE model trend follows that of the predictive equations. The latter only give one data point for each volume fraction and this lies within the FE predicted range, due to the random distributions analysed. The FE trend agrees more closely with the Maxwell and Lewis-Nielsen models than the Bruggeman model. The FE model accounts for void morphology statistics and this provides a statistical range for permeability.
From Figure 18 , the FE predicted permeabilities for the higher moulding temperature void volume fraction of 1.5% with 200 mm voids and the lower moulding temperature void volume fraction of 5.5% with a void size of 100 mm are 2.55 Â 10 À7 mol/m 2 .s and 2.9 Â 10 À7 mol/m 2 .s, respectively. This indicates that higher moulding temperature is beneficial for reduced predicted permeability.
Another factor which can significantly affect permeability is part thickness (or powder mass). In order for designers to be able to assess the implications of increased part size and weight vis-a`-vis reduced permeability, it is important to understand the effect of thickness on permeability for realistic void morphologies. In Figure 19 , a study of voids in rotomoulded samples of varying thickness has been conducted for polyethylene components formed at 180 C by using different total powder weights. The V f ¼ 0% trend line is effectively a Fick's Law prediction of thickness effects. The 5% and 10% V f trend lines, which show multiple data points, correspond to different random distributions of voids for each thickness value, showing that:
1. Even with realistic void morphologies, a Fick's law trend is predicted to persist for each V f shown. 2. The effect of random void distributions is relatively small for a given V f and thickness. Figure 19 also shows that for the zero void volume fraction, the permeability is less than the quoted target value of 2.23 Â 10 À7 mol/m 2 .s (mentioned earlier for COPV applications) for thicknesses greater than 3.5 mm. Also shown in Figure 19 are separate predictions for the R3, R4 and R5 cases from Table 2 . These specific predictions use the measured values of V f for their corresponding thickness. In all three cases, the predicted permeability is seen to be below the target maximum permissible permeability. This shows how a combination of increased moulding temperatures (above 180 C) and increased wall thickness (powder mass) can be used to control permeability.
Permeability prediction methodology
As has been shown by the previous hot plate and rotomoulding results, good correlation has been found between void volume fractions and void sizes in both manufacturing methods. This suggests that hot plate results can be used to estimate void volume fraction parameters for rotomoulded polyethylene components. The relationship between moulding temperature and void volume fraction follows a linear trend for the hot plate samples, where the void volume fractions, V f , can be related to hold temperature, T, as follows
where a and b are constants with values À0.000825/ C and 0.17358, respectively. The measured relationship between void volume fraction, V f , and average void radius, R v , for a range of moulding temperatures can also be interpreted for the hot plate samples. It is clear that increased processing temperatures lead to an increase in average void size and a decrease in average void volume fraction, as one would expect. 37 The reduced void volume fraction at increased temperatures can be attributed to the diffusion of voids due to thermal diffusion effects. 39 The relationship between average void radius, R v , and void volume fraction, V f , can be represented by the following equation
where and are constant with values of À66.225 mm and 1.33, respectively, for the polymer and processing conditions investigated here. This suggests the possibility of predicting void volume fraction and size in rotomoulded parts based on the measured (hot-plate) relationships between moulding temperature, void volume fraction and average void size. These predictive equations are applied here to the rotational moulding process presented above, as follows (see Figure 20 ): Figure 12 ) is rotationally moulded and material samples are extracted from selected locations for void analysis. The void analyses are conducted to characterise the void sizes and volume fractions for the selected locations. 2. The temperature of the mould is measured, using the full-field thermal imaging technique described.
The maximum temperatures during the moulding cycles for the locations corresponding to those at which void analyses were conducted in step 1 are identified. 3. Equation (6) is applied to predict the void volume fraction, based on this temperature. 4. Equation (7) is applied to predict the mean void radius, based on the void volume fraction from
Step 3. 5. Mass diffusion models are created for the defined parameters and, using equation (1), the rotomoulded liner's permeability is predicted.
This methodology is applied here to rotomoulded samples formed at three different temperatures. Table 4 shows the comparison of predicted (from hot plate data) and measured (rotationally moulded) values for the three temperatures. This predictive approach shows particularly good accuracy at the higher moulding temperatures. The derived predictive equations have slightly over and underpredicted the value of V f at 170 C and 180 C, respectively, but are still accurate to within 10%. The predictive equations have also underpredicted the value of V f for the 160 C samples but are accurate to within approximately 15%. R v predictions are slightly overpredicted at 160 C and 180 C but are within 5% of measured values. The predicted R v value for the 170 C samples was also underpredicted by roughly 8%.
The specific forms of equations (6) and (7), although giving a reasonably good fit over the full temperature range, do not necessarily capture the detailed variations of R v and V f with temperature. In particular, the predicted equations overpredict the change in R v between 170 C and 180 C and, vis-a`-vis the measured change, significantly underpredict the change in R v between 160 C and 170 C relative to the measured increase.
However, in the present work, the effect of temperature is first captured via the effect on V f which is linked to R v through equation (7) . The latter over and underpredictions in R v with respect to temperature changes can be traced back to imperfections in the linear fit of V f to temperature in equation (6) .
Hence, a more complex equation (e.g. non-linear) between V f and temperature would help to achieve an even better accuracy of predictions for V f and R v with respect to changes in temperature. Nonetheless, the errors of the predictions are less than 8% for average void radius and less than 15% for void volume fraction predictions. This methodology will facilitate identification of optimum processing temperatures for the production of polymer liners with acceptable void morphologies for predicted permeability.
Conclusions
Moulding temperature for rotomoulded components has been shown to have a significant effect on void volume fraction, with higher temperatures giving lower void volume fractions and hence lower predicted permeabilities. Nominal wall thickness (powder mass) has also been shown to have a significant effect on void volume fraction for rotomoulded components, with larger thicknesses giving a lower predicted permeability.
A simplified predictive methodology, based on hot plate measurements, for void volume fraction and void radius depending on temperature, has been shown to give reasonably good correlation with rotomoulded components.
FE mass diffusion models predict permeability results which are consistent with theoretical models. The FE method presented is superior in providing a statistical range for permeability based on measured void morphology statistics.
The present work represents an important step towards a combined experimental and modelling methodology for development of inexpensive, low permeability polymer liners. Current ongoing work is focused on permeability testing of prospective materials for candidate selection for COPV liners.
